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Coupling of Permeation and Gating inan NMDA-Channel
Pore Mutant
Ralf Schneggenburger* and Philippe Ascher completing the cycle should be the same for both direc-
tions (La¨uger, 1985; Colquhoun and Hawkes, 1995).Ecole Normale Supe´rieure
Laboratoire de Neurobiologie However, theoretical considerations (La¨uger, 1985) have
predicted that if the gating mechanism is coupled to an46, rue d’Ulm
energy source such as the transfer of permeant ions75005 Paris
down their electrochemical gradient, the transitions canFrance
be driven preferentially in one direction, a situation that
we shall refer to as gating asymmetry. Such an asymme-
try has indeed been demonstrated in a reconstitutedSummary
Torpedo Cl2 channel, when an electrochemical gradient
was imposed on the permeating Cl2 ions (Richard andWe report a strong coupling between permeation and
Miller, 1990).gating in a mutant NMDA channel (NR1 N598Q-NR2A).
Similar examples of gating asymmetry are rare forThe channel opens to two states that differ by their
other ion channels, although subconductance statesconductance and, surprisingly, by their selectivity for
have been repeatedly described (see Fox, 1987, for atwo permeant monovalent cations, Na1 and Cs1. The
review) after the introduction of patch–clamp techniquestwo open states are linked to the closed state via a
(Hamill et al., 1981). A slight asymmetry between sub-cyclic gating reaction that proceeds preferentially in
and main-state gating was described in an early studyone direction under biionic conditions, indicating that
of nicotinic acetylcholine receptors (Trautmann, 1982)the gating mechanism is not at equilibrium. The direc-
and, very recently, in recombinant N-methyl-D-aspartatetion and the magnitude of this gating asymmetry can
(NMDA) channels assembled from a specific subunitbe accounted for by assuming that ions bound to a
combination (NR1-NR2D; Wyllie et al., 1996) and in na-site in the permeation pathway influence the gating of
tive NMDA channels probably assembled from the samethis mutant channel, and that in the closed state, the
subunits (Momiyama et al., 1996). Gating asymmetry haschannel site is accessible to internal cations.
not been detected in NMDA channels from many other
preparations (Howe et al., 1991; Gibb and Colquhoun,
Introduction 1992; Stern et al., 1992, 1994; see also Colquhoun and
Hawkes, 1995).
The classical view of ion channels assumes that the We now report the case of an NMDA channel–pore
transitions between the open and the closed states (gat- mutant with a high frequency of openings to a subcon-
ing) are independent from the transfer of ions across ductance level (NR1N598Q–NR2A, which will be called
the membrane (permeation) and involve separate sub- NR1Q), in which we have found a marked asymmetry in
structures of the ion-channel protein (Hille, 1992). There the gating. The mutation defining this channel replaced
are, however, observations suggesting an interaction an asparagine by a glutamine at a site known to be
between permeation and gating. In acetylcholine-acti- critically involved in Ca21 permeability and Mg21 block
vated channels (Van Helden et al., 1977; Ascher et al., (Burnashev et al., 1992; Mori et al., 1992; Sakurada et
1978; Marchais and Marty, 1979) and in voltage-gated al., 1993) and in forming the narrow constriction of the
K1 channels (Swenson and Armstrong, 1981), the chan- NMDA channel pore (Wollmuth et al., 1996; Kuner et al.,
nel open time was found to be dependent on the perme- 1996). In our initial analysis of this channel, we character-
ant ion species, and this has been explained by assum- ized its monovalent cation selectivity by using biionic
ing that the channels could not close in the presence conditions, and we noticed an anomalous current rever-
of a permeant ion bound to the channel site (Marchais sal in whole-cell recordings. Single-channel analysis un-
and Marty, 1979). In other channels, such as inward- der the same ionic conditions revealed that the reversal
rectifying K1 channels (Hagiwara et al., 1976; Penne- potentials for the sub- and the main conductance states
father et al., 1992) and Aplysia californica or Torpedo were different, indicating differential ionic selectivities
marmorata Cl2 channels (Chesnoy-Marchais, 1983; for the two states. A subsequent analysis of the order
Pusch et al., 1995), the influence of permeant ions on of appearance of the two open states showed that the
the gating properties has led to the suggestion that channels tended to open to one conductance state and
binding of the permeant ion to the channel modifies its close from the other when biionic conditions were em-
probability of opening. ployed, and that the first opening of the channel was
At the single-channel level, the analysis of the cou- largely influenced by the ion present on the internal
pling between permeation and gating can, in principle, membrane side.
be greatly refined when three conductance states of a
channel are distinguishable, namely a closed state (C), Results
a main state (M), and a subconductance state (S). If the
three states are linked by a reversible cyclic reaction, Anomalous Reversal of Whole-Cell Currents
and if the gating is at equilibrium, the probability of Recorded in Biionic Conditions
To study ion permeation through the mutant NMDA
channel NR1Q, we initially intended to determine rever-* Present address: Max-Planck-Institut fu¨r Biophysikalische Chemie,
sal potentials from whole-cell recordings in human em-Abteilung Membranbiophysik, 37077 Go¨ttingen, Federal Republic
of Germany. bryonic kidney cells. NMDA-current responses were
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the activation kinetics of these conductances are differ-
ent, it is also possible to explain the occurrence of the
outward–inward current sequences.
When we measured the current responses with in-
verted ionic conditions, i.e., with Cs1 inside and Na1
outside (Figure 1C), the anomalous responses were
again observed, but occurred now in the potential range
between 0 mV and 110 mV. This was expected from
the above assumptions. However, we were surprised to
find that the current responses consisted again of an
outward–inward sequence (see Figure 1C, 1 5 mV). This
suggested that the monovalent ion distribution also had
an influence on the gating of the two postulated conduc-
Figure 1. Anomalous Whole-Cell Current Reversal under Biionic tances. To identify these conductances, we turned to
Conditions single-channel measurements.
Recordings were made from HEK cells lifted from the bottom of the
recording chamber. Differential Ionic Selectivity of the Sub-(A) Whole-cell currents at different membrane potentials recorded
and the Main Conductance Stateswith Na1 on both membrane sides. Note that the NMDA-induced
NMDA-induced single-channel currents in outside-outcurrent noise at the reversal potential of 0 mV is close to the back-
ground noise. Horizontal scale indicates 1 nA for the trace at 250 patches from oocytes expressing the NR1Q channels
mV, and 0.2 nA for all other traces. showed frequent openings to a subconductance level
(B) After replacing external Na1 by Cs1, an outward–inward current (see Figures 2A, 3, and 4), as has been described before
sequence was observed at membrane potentials close to 26 mV.
for mutant NMDA channels in which the asparagines ofSame cell as in (A).
both the NR1 and the NR2 subunits were replaced by(C) Internal Cs1 and external Na1. Under these inverse biionic condi-
glutamines (Ruppersberg et al., 1993; Premkumar andtions, the outward–inward sequence was now observed close to
15 mV. The cell is different from that illustrated in (A) and (B). Auerbach, 1996). Since it was shown in the above stud-
Currents were evoked by applying 100 mM NMDA (A, B) or 50 mM ies that these mutants have an enhanced sensitivity to
glutamate (C) during the time indicated by the horizontal bars. The Ca21 block, a low external Ca21 concentration (2 mM)
glycine concentration was 100 mM in all solutions.
was used in the following experiments.
To test whether a differential monovalent ion selectiv-
evoked by repetitive short (1.2 s) agonist applications, ity of the two conductance states could account for our
and the holding potential was changed between the observations in the macroscopic current measurements
NMDA pulses to construct current–voltage (I–V) rela- (see Figure 1), single-channel i–V relationships were
tions. When the same monovalent permeant ion species constructed under biionic conditions. We first used in-
was present on both sides of the membrane (monoionic ternal Cs1- and external Na1-containing solutions. Re-
condition), the currents reversed close to 0 mV (Figure cords obtained at four different membrane potentials
1A). As expected, at the reversal potential the NMDA- are shown in Figure 2A. Both conductances were easily
induced current noise reached a minimum at which it distinguished at 260 mV and 160 mV, and the main
was indistinguishable from the background noise. conductance state was also clearly measurable at 220
We then tried to determine the reversal potential under mV and 120 mV. However, while openings of the sub-
biionic conditions. Figure 1B illustrates records obtained conductance level could be clearly distinguished at 220
with internal Na1 and external Cs1 for the same cell as in mV, they were undetectable at 120 mV. This observation
Figure 1A. As before, we first applied NMDA at negative suggested that the two conductance states had distinct
potentials and then depolarized the membrane in steps reversal potentials. Indeed, when the single-channel
to determine the current reversal. The current size ini- current amplitudes were plotted as a function of voltage,
tially decreased monotonically, but when a membrane it was found that the main conductance current (Figure
potential between 210 mV and 0 mV was reached (Fig- 2B, closed squares) reversed close to 0 mV and showed
ure 1B), two anomalous properties became apparent. an almost linear i–V relationship. The subconductance
First, the currents were biphasic: a fast outward current current, however, showed a marked outward rectifica-
was followed by a slower inward current. Both compo- tion (Figure 2B, open squares), and its reversal potential,
nents changed with voltage, but in such a manner that which was estimated by fitting a polynomial function to
it was impossible to find a membrane potential at which the data points, was 115.6 6 3.5 mV (n 5 4 patches,
a flat current trace could be observed. Second, the cur- Figure 2B).
rent noise during the NMDA applications was signifi- Single-channel i–V relations were next measured for
cantly larger than the background noise, even at mem- the inverse biionic case (internal Na1 and external Cs1;
brane potentials close to theapparent reversalpotential. see Figure 2C). Under these conditions, the reversal
These observations are inconsistent with a single-con- potential of the subconductance state was 213.9 6 0.9
ductance system, for which the current noise should be mV (n 5 3 patches, Figure 2C) more negative than the
equal to the background noise at the reversal potential reversal potential of the main conductance state, which
(see Dionne and Ruff, 1977). However, the excess cur- was again close to 0 mV. The subconductance i–V rela-
rent noise can be explained if NMDA activates two (or tion was now inwardly rectifying.
more) conductances that, under biionic conditions, have Finally, the i–V relations were measured in symmetri-
cal solutions of either Cs1 or Na1. In the presence ofdifferent reversal potentials. If it is further assumed that
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Figure 2. Single-Channel Current–Voltage Relations under Biionic and Monoionic Conditions with the Permeant Ions Cs1 and Na1
Outside-out recordings from Xenopus oocytes in the presence of 2–10 mM NMDA and 100 mM glycine.
(A) Examples of single-channel recordings under biionic conditions (internal Cs1, external Na1). Note the absence of detectable subconduc-
tance-state currents at 120 mV. The broken lines indicate the average current amplitudes for the sub- and main states obtained from amplitude
distributions.
(B, C) Single-channel i–V relations for the two biionic conditions with Cs1 and Na1. Open and closed symbols represent the sub- and the
main state currents, respectively. Data points, which are average values obtained from four patches in (B) and from three patches in (C), were
fitted by a third-order polynomial for the main state and a sixth-order polynomial for the subconductance state. The reversal potentials of the
subconductance-state currents were determined as detailed in Experimental Procedures, and the resulting average values are indicated by
arrows. For the subconductance-states, six data points at negative potentials (B) and seven data points at positive potentials (C) were also
fitted by linear regression (broken lines).
(D) Chord conductances in symmetrical solutions. Data for the case of Cs1 (open and closed squares) from one representative patch were
fitted with third-order polynomials. Data for Na1 (at 260 and 160 mV, open and closed circles) are average values from three patches. The
lines connecting the data points for Na1 were constrained to pass through the axis origin. Chord conductances at 260 mV were 11 pS and
73 pS in Na1 and 60 pS and 100 pS in Cs1 for the subconductance- and the main conductance-states, respectively.
Cs1, both the main and the subconductance states had These experiments show that under biionic condi-
tions, the reversal potential of the main conductance isnearly linear i–V relationships, with chord conductances
at 260 mV of ≈100 and ≈60 pS respectively, and both close to 0 mV, while that of the subconductance state
is 14–16 mV more negative or positive, depending onreversal potentials were close to 0 mV (Figure 2D; open
and closed squares). In the presence of Na1, the values whether Na1 is inside and Cs1 outside, or the reverse.
These results indicate, according to the Goldman–for the chord conductances at 260 mV for the main
and the subconductance states were 73 pS and 11 pS Hodgkin–Katz (GHK) voltage equation for the biionic
case, that PNa /PCs is close to 1 for the main conductancerespectively (see Figure 2D; open and closed circles),
i.e., smaller than with Cs1 as permeant ion. state, whereas it is about 1.8 for the subconductance
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Figure 3. Subconductance to Main Conductance Gating Asymmetry under Biionic Conditions
(A, B, C) Gating asymmetry with internal Cs1 and external Na1 at 260 mV (A, B) and at 160 mV (C). Note the strong dominance of the
closed–main (C-M), main–sub (M-S), and sub–closed (S-C) transitions, which together describe a full C-M-S-C cycle. The transition analyses
are based on six patches with 13,810 transitions (B) and on three patches with 8944 transitions (C).
(D, E, F) Single-channel traces ([D], 260 mV) and transition analyses (E and F) for the opposite biionic case (Na1 inside, Cs1 outside). Note
the dominance of the C-S-M-C cycle under these conditions. The transition analyses are from four patches with 17,146 transitions (E) and
from two patches with 5221 transitions (F). The error bars indicate the standard deviation of the percentage values between the different
patches.
state. The difference of the reversal potentials provides patches with a total number of 5054 openings from the
closed state to either one of the two open states, therean adequate explanation for the current noise observed
in the whole-cell recordings near 0 mV under biionic were 2036 sequences of the C-M-S-C type, and only 66
sequences of the C-S-M-C type. Thus, the probabilityconditions (see Figure 1).
that a C-M-S-C sequence occurs was about 30 times
larger than the occurrence of the opposite, the C-S-M-CSub- and Main Conductance Gating Asymmetry
under Biionic Conditions sequence, indicating a strong asymmetry in the sub- to
main state gating.To find an explanation for the biphasic current wave-
forms observed in the whole-cell recordings under bi- The gating asymmetry is also reflected by the relative
occurrence of the six types of directly observable transi-ionic conditions close to zero current potentials (see
Figures 1B and 1C), we turned our attention toward the tions (Figure 3B; n 5 6 patches with internal Cs1 and
external Na1). The finding that direct transitions weregating properties of sub- and main conductance states
of the NR1Q channel under biionic conditions. observed between all of the three states indicates that
they were linked via a cyclic gating mechanism. If theFigure 3A illustrates NMDA-induced single-channel
openings with internal Cs1 and external Na1 at 260 mV. gating is at equilibrium (La¨uger, 1985; Richard and Miller,
1990; Colquhoun and Hawkes, 1995), the product of theInspection of the traces obtained under these conditions
(see also traces in Figure 2A) suggested that sequences rates going clockwise around the cycle should be the
same as the product of the rates describing the counter-of the closed–main–sub–closed states (abbreviated
C-M-S-C in the following) occurred more frequently than clockwise cycle. As can be seen from Figure 3B, the
product of the observed percentages of transitions de-sequences in the opposite direction (C-S-M-C). In six
NMDA-Channel Gating Asymmetry
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Figure 4. Effect of the Monovalent Cation Species on Subconductance and Main Conductance Gating
(A, B) Single-channel traces (A) and transition analysis (B) for recordings obtained at 260 mV with Cs1 on both membrane sides. The transition
analysis is based on four patches with 11,863 transitions.
(C, D) Single-channel traces (C) and transition analysis (D) for recordings obtained at 260 mV with Na1 on both membrane sides. The
closed–sub (C-S) and sub–closed (S-C) transitions are clearly favored by the presence of Na1. Note the absence of marked gating asymmetry
in both monoionic conditions. The transition analysis is based on three patches with 4919 transitions. Error bars in (B) and (D) have the same
meaning as in Figure 3.
scribing the (less favored) C-S-M-C cycle is, on average, slightly reduced the asymmetry, but did not reverse it
(see Figure 5 for summary). It can also be observed that11% 3 5% 3 10%, whereas the product of the per-
centage of transitions describing the opposite cycle is in the second case (Na1 inside), the records obtained
at positive potentials show a striking dominance of the25% 3 21% 3 27%, and thus roughly 26 times larger.
This analysis, performed individually for each patch, transitions between theclosed and the subconductance
state.gave a gating asymmetry ratio, J1/J28 (Richard and
Miller, 1990; see Experimental Procedures for definition) We next performed a similar analysis for the mono-
ionic conditions, i.e., with symmetrical concentrationsof 33 6 8.6 (n 5 6 patches). This is a clear indication
that under these experimental conditions, the gating of Cs1 or Na1. Under these conditions, the asymmetry
ratios were close to one (see Table 1). However, themechanism was not at equilibrium.
The occurrence of gating asymmetry indicates an ap- monovalent cation species had a pronounced effect on
the sub- and main state gating. Thus, with Cs1 on bothparent violation of the principle of microscopic revers-
ibility (La¨uger, 1985; Richard and Miller, 1990; Col- membrane sides, openings to the main state were
slightly more frequent than openings to the subconduc-quhoun and Hawkes, 1995). For this to occur, a source
of energy must be coupled to the gating mechanism. tance state (see Figures 4A and 4B), whereas in the
presence of Na1, about 90% of all openings involvedTo identify this source of energy, we tested how the
gating asymmetry was modified by changes in the ion the subconductance state (Figures 4C and 4D). This
effect resembles that shown in Figure 3F (in biionic con-distribution and by changes in membrane potential.
When the biionic distribution was changed to Cs1 ditions, at 160 mV with Na1 inside), which suggests that
the presence of Na1 on the internal side favors openingsoutside and Na1 inside, the gating asymmetry changed
sign, but its absolute value was reduced (Figures 3D to the subconductance state over openings to the main
conductance state.and 3E). For a total number of 5881 openings at 260
mV, there were now 342 C-M-S-C sequences and 854 Table 1 and Figure 5 summarize the values found for
the gating asymmetry ratio under the four different ionicC-S-M-C sequences. The asymmetry ratio calculated
from the relative occurrence of transition types was conditions with Cs1 and Na1 as the permeant ions and
at various membrane potentials. As can be seen in Table0.36 6 0.17 (n 5 4 patches).
We then measured the asymmetry ratio of sub- and 1, the asymmetry ratio calculated from the ratio of the
directly observed C-M-S-C and the C-S-M-C sequencesmain state gating at positive membrane potentials. The
relative numbers of transitions observed at 160 mV for (called J1/J2*) is not significantly different from the gat-
ing asymmetry ratio obtained by multiplication of thethe two biionic conditions are illustrated in Figure 3C
(Cs1 inside, Na1 outside) and Figure 3F (Na1 inside, observed transition percentages (J1/J28). This is consis-
tent with the hypothesis that the underlying gating pro-Cs1 outside). In both cases, membrane depolarization
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Table 1. Values of the Gating Asymmetry Ratio at 260 mV under Different Ionic Conditions
Gating Asymmetry Ratio Cs1 in/Cs1 out Na1 in/Na1 out Cs1 in/Na1 out Na1 in/Cs1 out
J1/J2* 1.08 6 0.05 (4) 1.82 6 1 (3) 33 6 8.6 (6) 0.36 6 0.17 (4)
J1/J28 1.03 6 0.1 (4) 1.54 6 0.3 (3) 28.7 6 10.1 (6) 0.42 6 0.12 (4)
J1/J2* and J1/J28 denote the gating asymmetry ratios analyzed by two different methods (see text). The values are those of the mean, the
SD, and the number of patches analyzed.
cess is essentially an independent (Markovian) process. a full cycle will be terminated is large, and therefore the
probability of occurrence of bursts with an even numberFigure 5 shows (on a logarithmic scale) that inverting
of events will also be large. The predictions of the modelthe ionic distribution inverted the gating asymmetry, but
proposed in Figure 7B, with an asymmetry ratio of 20inverting the membrane potential did not. The dots su-
under these ionic conditions, are superimposed on theperimposed on the plot of Figure 5 represent the predic-
distribution in Figure 6B.tions of a model that is presented in Fig. 7B and in the
To assign realistic values to the transition rates in aDiscussion.
minimal kinetic scheme that could account for the gating
asymmetry (see Figure 7B and Discussion), we deter-Effect of the Monovalent Cation Distribution
mined the open times of the sub- and the main stateon the Burst Structure
events. Within the time resolution of our measurements,To analyze further the effect of the monovalent ion distri-
the open time distributions could be well fitted withbution on the temporal order of sub- and main conduc-
single exponential functions (data not shown). Table 2tance events, we examined the structure of the bursts.
summarizes the average values of open times obtainedFor the purpose of our analysis, we defined as a burst
under different ionic conditions.a sequence of open state events (in either the main
or the subconductance state) occurring between two
successively observed closed states (see inset in Figure
6A). The number of events per burst was counted, nor-
malized to the number of single-opening bursts, and the
distribution was displayed on a logarithmic scale. In
symmetrical Cs1, the number of events per burst de-
cayed roughly exponentially (Figure 6A). In contrast, in
the biionic case with internal Cs1 and external Na1, the
number of events per burst decayed in a double-step-
like fashion (Figure 6B). Thus, the observed number of
bursts with two events was close (83.5%) to that of
bursts with one event (normalized to 100%), and the
number of bursts with three events (9.4%) was close to
the number of bursts with four events (10.8%). Such
behavior is in fact expected if a strong gating asymmetry
exists. Whenever an opening occurs, theprobability that
Figure 6. Effect of the Monovalent Cation Distribution on Burst Ki-
netics at 260 mVFigure 5. Voltage Dependence of Subconductance to Main Con-
ductance Gating Asymmetry under Different Ionic Conditions (A, B) A burst was defined as a sequence of open-state events
between two successive closed states (see inset in [A] and text),The asymmetry ratio (J1/J28) was calculated from the product of
the observed transition rates. The data are from the same patches and the number of events per burst was counted. A total number
of 3696 bursts from four patches was analyzed with Cs1 on bothas those analyzed in Figures 3 and 4, except for the data at 160
mV in symmetrical Cs1 (three patches with 8551 transitions). The membrane sides (A), and 5054 bursts from six patches were ana-
lyzed with Cs1 inside and Na1 outside (B). Note the double-step-value at 160 mV in symmetrical Na1 was not determined (n.d.).
The error bars represent the logarithmic values of the relative error like distribution under biionic conditions (B). The predictions of the
gating scheme shown in Figure 7B are superimposed as dots on(standard deviation) measured on a natural scale. The predictions
of the model shown in Figure 7 are superimposed as dots. the data points in (B).
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Table 2. Open Times (ms) of Subconductance and Main Conductance States under Different Ionic Conditions
Conductance State Cs1 in/Cs1 out Na1 in/Na1 out Cs1 in/Na1 out Na1 in/Cs1 out
Sub- 3.8 6 0.9 (3) 9.6 6 0.6 (3) 9.4 6 2.6 (5) 5.1 6 0.7 (4)
Main 5.7 6 1.6 (3) 4.5 6 1.9 (3) 5.0 6 0.8 (5) 6.0 6 1.9 (4)
Membrane potential, 260 mV. The values are those of the mean, the SD, and the number of patches analyzed.
Discussion states that differ in their permeation and blocking prop-
erties, a fact that complicates the interpretation of
whole-cell current measurements.We have studied the sub- and main conductance states
of a mutant NMDA channel in which an asparagine resi- The difference in the selectivity for Cs1 and Na1 be-
tween the sub- and main conductance states of thedue in the NR1 subunit was replaced by a glutamine
(NR1N598Q–NR2A). We have found that the two con- NR1Q-channel was apparent in reversal potential mea-
surements as well as in the single-channel conduc-ductance states have different selectivities for Na1 and
Cs1, and that the transmembrane distribution of these tances. However, whereas the reversal potential mea-
surements indicate that PNa is equal to or larger thantwo monovalent cations is a key determinant of the gat-
ing of the sub- and main conductance states. PCs, the single-channel currents (Figure 2D) indicate an
opposite order, i.e., gNa is smaller than gCs. This behavior,
which is especially marked for the subconductanceMonovalent Cation Permeation through the
Subconductance and Main state (PNa /PCs was about 1.8, whereas gNa /gCs was about
0.2; see Figure 2D), can be explained by assuming ionConductance States
Under biionic conditions with Na1 and Cs1 as permeant binding during the permeation process (see Hille, 1992).
More specifically, a simple symmetrical two-barrier one-ions, the reversal potential of the main conductance
state was close to 0 mV, whereas that of the subconduc- site model based on Eyring rate theory can qualitatively
explain the data. The model must assume that in thetance state was 14–16 mV more negative or positive for
the two different biioniccases. This, to our knowledge, is subconductance state, the energy barriers are lower,
but the well is deeper for Na1 than for Cs1. Thus, Na1the first direct demonstration that different conductance
states of ligand-activated channels can have different enters the pore more easily than Cs1 (and thus, PNa/
PCs . 1), but it binds more tightly to the permeant ion–ionic selectivities. For most ion channel types, no differ-
ence in ionic selectivities has been found between differ- binding site, which accounts for the smaller current flow.
This model can also explain the rectification propertiesent conductance states (see Fox, 1987, for a review;
but see also Chesnoy-Marchais and Evans, 1986). In of both conductance states observed under biionic con-
ditions (see Figure 2B and 2C).particular, in previous work on native ligand-gated cat-
ion channels in which subconductance states were
studied under biionic conditions, the reversal potentials Gating Asymmetry under Biionic Conditions
We have observed a strong asymmetry in the sub- toof the various conductance states were found not to be
significantly different (Hamill and Sakmann, 1981; Cull- main state gating under biionic conditions with internal
Cs1 and external Na1. Under these conditions and atCandy and Usowicz, 1987; Howe et al., 1991). The sub-
and main conductance states observed in recombi- 260 mV, the probability of occurrence of a closed–main–
sub–closed (C-M-S-C) sequence was roughly 30 timesnantly expressed, wild-type NR1–NR2A channels (a 40
pS and a 50 pS state at 1 mM external Ca21; Stern et larger than that of the inverse sequence (C-S-M-C; see
Figures 3 and 5). In inverse biionic conditions, an inverseal., 1992) probably also have very similar, if not identical,
selectivities for Na1 and Cs1, although there is no direct gating asymmetry, albeit less pronounced, was found.
The monovalent cation distribution also had a strongevidence from single-channel studies.
On the other hand, the presence of conductance influence on the burst distribution (Figure 6). The exis-
tence of gating asymmetry, together with the effects ofstates with different ionic selectivities is probably not
restricted to the specific mutation studied here. In an- the monovalent ion species on channel gating (Figure
4), is strong evidence for coupling between permeantother NR1-mutant channel, in which the same aspara-
gine of the M2 region was replaced by a cysteine ion binding and gating in the NR1Q channel.
The coupling of permeation and gating was also mani-(NR1N598C–NR2A), we also observed an anomalous
current reversal under biionic conditions with Cs1 and fest in whole-cell recordings. Knowing the two different
reversal potentials of the sub- and the main conduc-Na1 (unpublished data), indicating the existence of at
least two conductance states with different monovalent tance state under biionic conditions (see Figure 2), we
can understand why, at membrane potentials betweenion selectivities. Moreover, in mutant NMDA channels
in which the homologous asparagine residues of both the two reversal potentials, a current noise persisted
even when the mean current was close to zero. We canthe NR1 and the NR2 subunit were replaced by gluta-
mines, it has recently been shown that the sensitivities also specify the conductance states responsible for the
fast outward component (see arrows in Figures 1B andfor block by external Mg21 and Ca21 are different for the
sub- and the main conductance state (Premkumar and 1C) observed in the same voltage range. Inspection of
the single-channel i–V curves for the sub- and the mainAuerbach, 1996). As these authors have pointed out,
macroscopic current measurements from such mutants state under the two biionic conditions (see Figures 2B
and 2C) suggests that the fast outward current activatedwill reflect the average behavior of two conductance
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by a pulse of NMDA had to be generated by the main
state under recording conditions with Cs1 inside, Na1
outside, whereas for the inverse biionic case, it had to
be generated by the subconductance state. Indeed, this
corresponds to the preferred type of opening transitions
observed insingle-channel recordings: transitions of the
C-M type dominated for the case of Cs1 inside, Na1
outside, whereas transitions of the C-S type dominated
for the inverse biionic case (see Figures 3B and 3E).
Furthermore, it can be seen that the balance of the two
opening transitions, C-M and C-S, is largely influenced
by the ion species present on the internal membrane
side: with Na1 inside, the C-S openings are favored,
regardless of which ion was present externally (compare
Figures 3E, 3F and 4D). This suggests that in the closed
state, the ion channel must be accessible to internal
cations.
A Model Coupling Monovalent Ion Distribution
to Channel Gating
The model shown in Figure 7B can predict most of our
observations. The model is based on two central as-
sumptions. The first is that an ion-binding site in the
permeation pathway can hold a cation in all three confor-
mational states (C, M, and S), and that the cation species
bound to the site will influence the rates of the conforma-
tional transitions. Thus, the innercycle of conformational
transitions in Figure 7B, which connects the Na1-bound
states, uses different rate constants than the outercycle,
which connects the Cs1-bound states. The second as-
sumption is that in the closed state, the ion-binding site
can equilibrate with the internal solution, whereas the
open states are accessible from both sides. As a result,
in biionic conditions, four open states may exist, but for
Figure 7. A Model Coupling Ion Permeation to Channel Gating
each conformational state (main conductance state or
(A) A cyclic model in which three conformational states (C, M, andsubconductance state) the (rapid) equilibrium between
S) may exist either free or bound to one of the two permeant ions,
the Na1-bound and the Cs1-bound state will depend on Na1 or Cs1. The model is an extension of the model proposed by
the relative occupancy of the site by the two cations. La¨uger (1985) for a single permeant ion species.
(B) Asimplified model that only specifies the transition ratesbetweenThis occupancy will in turn be controlled by membrane
the bound forms and that can predict the data. It is assumed thatpotential (negative potentials will favor the external cat-
in the closed state, internal cations equilibrate with the ion-bindingions) and by the energy profile encountered in the chan-
site, and that there is a rapid equilibrium between the Na1 and the
nel by the permeant ion. As was seen above, Na1 must Cs1 bound forms of the two open states (indicated by the thick
have a higher affinity than Cs1 for the binding site of arrows). Under biionic conditions, the transitions between CCs and
the open channel. CNa are unidirectional: from CNa to CCs for Na1 outside, Cs1 inside
and from CCs to CNa for Cs1 outside, Na1 inside. The rate constantsThe working of the model can be followed in an exam-
for the conformational transitions were approximated as outlined inple such as the biionic distribution with Cs1 inside and
Experimental Procedures.Na1 outside, at 260 mV. The channel will open from CCs
and will have a slightly higher probability of opening to
MCs than to SCs (k96 . k91). If the subsequent conforma-
will immediately lead to the replacement of Na1 by Cs1tional transitions took place in the outer cycle of the
on the binding site, which is assumed to be accessiblegating scheme (connecting the Cs1-bound states; see
to internal cations. Thus, CNa will constitute an absorbingFigure 7B), the initial asymmetry would soon be can-
state from which the channel cannot reopen to SNa orcelled out, because the values of the rate constants
MNa, and the transition CNa–CCs will in fact be irreversible.of the outer cycle obey the principle of microscopic
The gating asymmetry thus appears to be due to thereversibility. However, the Cs1 ions bound to the open
fact that under biionic conditions, neither the outer norstates will rapidly be replaced by Na1 ions carrying the
the inner cycle can be followed in a reversible fashion.inward current under these conditions. Therefore, the
Our scheme may be regarded as a simplified case ofsubsequent gating transitions will take place in the inner
the more general model proposed by La¨uger (1985) tocycle of the gating scheme. This cycle also satisfies the
explain gating asymmetry in ion channels. La¨uger con-principle of microscopic reversibility if there is only Na1
sidered a single permeant ion species and assumed thaton both sides of the membrane. However, if Na1 is not
present on the internal side, the closing of the channel each conformational state (C, M, and S) exists in a free
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cases, glutamate (50 mM) was applied on a background of 100or in an ion-bound form. He further assumed that confor-
mM glycine. In outside-out recordings, patches were continuouslymational transitions could occur between both the free
perfused with 100 mM glycine and with either 2 mM, 5 mM, or 10and the bound forms (see Figure 11 from La¨uger, 1985).
mM NMDA. The presence of endogenous (background) channels
In our experiments, gating asymmetry was observed in was checked at regular intervals by applying a solution without
biionic conditions, and a complete model would there- added glycine or NMDA. Patches with a noticeable background
activity were rejected.fore have to consider the bound forms for two permeant
The recording solutions contained about 155 mM Cs1 or Na1.ion species as well as the unbound forms, leading to a
The Cl2 salts of the alkali ions were used, and pH adjustments weretotal of nine states (see Figure 7A). To keep the number
done with the corresponding bases. For whole-cell recordings fromof free parameters small, we simplified the general
HEK cells, the composition of the solutions was as follows: intracel-
scheme by neglecting the unbound forms of the channel lular, 145 mM NaCl or CsCl, 10 mM HEPES, 5 mM EGTA (155 mM
(see Figure 7B). This seems justified by the finding that, Na1 or Cs1 after pH adjustment to 7.2); extracellular, 150 mM NaCl
or CsCl, 10 mM HEPES, 0.1 mM CaCl2 (154 mM Na1 or Cs1 afterat least in native NMDA channels (Zarei and Dani, 1994),
pH adjustment to 7.4). For single-channel recordings, the composi-the occupancy of the ion-binding site in the open states
tion of the solutions was as follows: intracellular, 115 mM NaCl oris close to one.
CsCl, 10 mM HEPES, 10 mM BAPTA (in its acid form; 152 mM Na1Like La¨uger’s model (1985; see also Richard and
or Cs1 after pH adjustment to pH 7.2); extracellular, 150 mM NaCl
Miller, 1990), our model assumes that the conforma- or CsCl, 10 mM HEPES, 1 mM HEDTA, 0.5 mM CaCl2 (156 mM
tional changes of the channel modify its accessibility to Na1 or Cs1 after pH adjustment to pH 7.4). Assuming an apparent
dissociation constant of 2 mM for the HEDTA–Ca21 complex at pHpermeant ions. The binding site is accessible to internal
7.4, a free Ca21 concentration of 2 mM is calculated. Lowering thecations in the closed state, and to internal and external
external free Ca21 concentration to below 10 nM (by using 1 mMcations in the open states. Energy is required to drive
EGTA and no added CaCl2) showed no significant effect on thethe cycle of interconversions in a preferred direction.
measured single-channel amplitudes at 260 mV (n 5 5 patches with
The corresponding dissipative process is best per- internal Cs1, external Na1).
ceived as two successive ion-exchange reactions oc-
curring during one complete cycle. In the example of Single-Channel Analysis
Single-channel recordings were low-pass filtered at 2 kHz with anthe biionic distribution with Cs1 inside and Na1 outside,
8-pole Bessel filter, digitized at 10 kHz, and recorded to hard disk bythe ion exchange that occurs in the open states leads
the use of data acquisition software (pCLAMP 6, Axon Instruments,to the replacement of Cs1 by Na1, and the exchange
Foster City, CA). To measure single-channel amplitudes for i–Vthat occurs in the closed state leads to the replacement
curves, we initially constructed all-point histograms from short (100–
of Na1 by Cs1. As already noted by La¨uger (1985), such 500 ms) data stretches digitally low pass–filtered at 0.5 kHz to obtain
ion-exchange reactions are reminiscent of mechanisms estimates of the subconductance and the mainconductance current
amplitudes at all membrane potentials. Later, single-channel tracesoften thought of as characteristic of ion carriers.
were idealized (see below), and the current amplitudes were esti-
mated from the mean values of Gaussian fits to the amplitude distri-Experimental Procedures
butions containing between 500 and 1000 subconductance and
main conductance events for each membrane potential. At voltagesExperimental Preparation
close to 0 mV, at which openings had a lower signal-to-noise ratio,The NMDA subunit cDNAs, which were provided by S. Nakanishi
the traces were digitally filtered at 0.3–1.0 kHz before idealization,(NR1; Moriyoshi et al., 1991) and P. Seeburg (NR2A; Monyer et al.,
and the time limit for the detection of events was adapted to give1992), were subcloned into a modified expression vector (pcDNA3;
approximately two times the filter rise time. For graphic display,Invitrogen, Leek, Netherlands; see Kupper et al., 1996). The aspara-
traces were digitally filtered at 0.5 kHz.gine residue at position 598 of the NR1 subunit was replaced by
Single-channel i–V curves (see Figure 2) were constructed by firstglutamine by use of the mutagenesis approach described previously
determining the reversal potentials for the main states by third-order(Kupper et al., 1996). The mutation was verified by sequencing
polynomial fits. The resulting reversal potentials, which on averagethrough the M2 region. Electrophysiological experiments were car-
were 11.5 6 1.6 mV (Cs1 inside, Na1 outside; n 5 4 patches) andried out on three different mutant clones, which gave identical re-
12.4 6 1.2 mV (Na1 inside, Cs1 outside; n 5 3 patches), weresults.
subtracted from all voltage values to set the main-state reversalPatch–clamp recordings were made at room temperature (208C–
potential to 0 mV. The reversal potentials of the subconductance228C) in the whole-cell and outside-out configurations (Hamill et
current were then determined for each patch by fitting a fourth-, aal., 1981), by using an EPC-7 amplifier (List Electronic, Darmstadt,
fifth-, and a sixth-order polynomial to the data, and by averagingFederal Republic of Germany). For whole-cell recordings, human
the interpolated reversal potentials. No correction for liquid-junctionembryonic kidney (HEK) cells were transfected with NMDA-subunit
potentials was made, as these should not influence the reversalcDNAs, according to the calcium phosphate precipitation method.
potential difference between the main conductance– and subcon-For single-channel recordings from Xenopus laevis oocytes (Meth-
ductance-state currents.fessel et al., 1986), NR1N598Q–NR2A channels were expressedafter
For kinetic analysis, single-channel traces were idealized by usinginjection of the corresponding cRNAs, which were prepared with a
the half-amplitude threshold criterion implemented in the analysissynthesis kit (Ambion, Austin, Texas). Each oocyte was injected with
software (Fetchan, pCLAMP 6). The time limit for the detection of30–60 nl of a 0.2 mg/ml cRNA preparation at a nominal cRNA ratio
events was set to 0.3 ms, which corresponds to approximately twoof 1:3 (NR1N598Q:NR2A). The oocytes used for single-channel re-
times the filter rise time at the cut-off frequency of 2 kHz. Open andcording showed glutamate (100 mM)-induced whole-cell currents of
closed time distributions were generated from the resulting event2–5 mA as assessed by two-electrode voltage clamp. Results were
lists by the pCLAMP 6 analysis program. The analysis of transitionsexpressed as mean 6 standard deviation.
and bursts (Figures 3, 4, and 6) was done by using the lists of the
idealized traces that had been imported into a general-purpose dataDrug Application and Recording Solutions
analysis program (IgorPro, Wavemetrics, Lake Oswego, OR).Drugs were applied by means of a four-barrel perfusion system. A
computer-controlled scanner motor (Laser Scanning Keiser, Stalli-
kon, Switzerland) was used for fast displacements of the barrels. Evaluation of a Kinetic Model
The model of Figure 7A is based on the idea that there are threeSolutions were continuously flowing by gravity from at least two
barrels. In many whole-cell recordings, HEK cells were lifted off the conformational states of the channel (C, M, and S), which all may
exist either in bound forms with Na1 or Cs1, or free. It is assumedbottom of the culture chamber, and NMDA (100 mM) or, in a few
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that the rate constants of the conformational transitions are different most critical parameter for thiscalculation was the ratio k4/k5, which
will set the probability of channel closure after a first opening to afor the different forms (see La¨uger, 1985). The conformational transi-
tions between the free forms, which are much less frequent than main state (the more frequent type of opening under these condi-
tions). Further constraints on the choice of the rate constants werethe transitions between the bound forms (see Discussion), have
been neglected in a first approximation, leading to the simplified given by the observed open times (see Table 2) and by the relative
frequency of openings to the subconductance or to the main con-scheme of Figure 7B. The rate constants for the opening transitions
(C-M and C-S) are given in relative units, because the absolute value ductance state under different ionic conditions.
of the open probability is not known.
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